Background: Perinatal iron deficiency (PID) adversely programs offspring resulting in alterations in adult cardiometabolic function. Increased visceral adiposity is the proposed culprit for these sequelae, and may be potentiated by decreased physical activity. Herein, we determined (i) the effect of PID on visceral adipose tissue (VAT) and locomotor activity, and (ii) whether increased VAT is associated with blood pressure responsiveness to increased dietary sodium. Methods and results: Dams were fed a low iron diet (o10 mg/kg Fe) prior to and throughout gestation. From 12 to 35 weeks of age, locomotor activity (assessed by radiotelemetry) in PID offspring was 25% lower compared with control offspring (Po0.001). At 36 weeks of age, PID offspring had 15% more VAT than controls (Po0.05). Furthermore, the elevation of mean arterial pressure (by radiotelemetry) in response to increased sodium intake was approximately twofold greater in the PID offspring (Po0.05). Conclusions: PID results in increased visceral adiposity, which was associated with enhanced blood pressure responsiveness to dietary salt, perhaps due to programmed sedentary behavior.
Introduction
Iron deficiency (ID) affects approximately 4-5 billion people worldwide, with pregnant women being among the most susceptible. 1 In animal studies, perinatal ID (PID) results in cardiometabolic complications in adulthood. [2] [3] [4] [5] Hales and
Barker coined the term 'thrifty phenotype' for individuals 'programed' to develop cardiovascular and metabolic risk factors in adulthood, such as hypertension and abdominal obesity, in response to nutritional deficiencies in fetal and early life. 6 Hypertension occurs in adult PID rats, 2-5 and we recently showed that these animals have exaggerated blood pressure responsiveness to changes in sodium balance. 5 Given that obesity has been implicated in the development of salt sensitivity and hypertension, 7, 8 we investigated whether the exaggerated blood pressure responsiveness to dietary salt in PID offspring is associated with increased adiposity. Moreover, other rat models of maternal undernutrition (calorie or protein) are associated with abdominal obesity in adulthood, which was attributed to programed sedentary behavior. [9] [10] [11] However, in the adult PID rats, physical activity and adiposity have not been characterized. Thus, the aim of this report was to determine whether PID offspring have (i) programed sedentary behavior, and (ii) whether increased visceral adipose tissue (VAT) is associated with the enhanced blood pressure responsiveness to increased dietary salt.
Methods
This study is an extension of prior work that investigated effects of PID on intrarenal hemodynamic properties and blood pressure. 5 Control (n ¼ 6) and PID (n ¼ 4) rats were used to determine physical characteristics, locomotor activity, visceral adiposity and blood pressure responsiveness to sodium intake.
Animals and treatments
All procedures followed guidelines of the Canadian Council on Animal Care and were approved by the Queen's University Animal Care Committee. Seven-week-old female Wistar rats purchased from Charles River (Saint-Constant, QC, Canada) were randomly assigned to either a low-iron diet (3 mg/kg Fe) or a control diet (225 mg/kg Fe) for 2 weeks prior to mating. At the time of mating, all dams on the lowiron diet were fed a moderately low-iron diet (10 mg/kg Fe) to ensure offspring survival. 12 Purified diets were from
Research Diets Inc. (New Brunswick, NJ, USA), and based on the AIN93G diet. 13 At birth, all dams were fed a nonpurified diet, which contained 270 mg/kg Fe (Lab Diet, St Louis, MO, USA). At 24 h postpartum, litters larger than 10 pups were culled to 10 pups (litters with o10 pups were not used). At postnatal day 21, all offspring were separated from their mothers and were fed a non-purified diet. For this study, 1-2 male offspring were selected randomly from the litters. If two offspring were taken from the same litter, then their data were pooled and treated as a single value. All rats had ad libitum access to food and water, and were maintained on a 12-12 h light/dark cycle at 23 1C.
Locomotor activity and blood pressure monitoring for salt challenge Locomotor activity and mean arterial pressure (MAP) were assessed in consciously free moving rats by a system consisting of an implantable radio-telemetry device, receiver and computer-based data acquisition system (Data Sciences International, St Paul, MN, USA). 5 Following implantation of radio-telemetry units, rats were allowed to recover for 10 days before recording of data. MAP was obtained from the aortic probe and locomotor activity was obtained from the movement of the animal (that is, radio-telemetry device in the abdomen) across the receiver positioned under the cage. Data were sampled every 5 min for 15 s, and reported as an average of all data points collected at night (2200-0400 h), the most active period of the day. Locomotor activity was assessed from 12-35 weeks of age. MAP was assessed starting at 24-26 weeks of age during a normal sodium regimen (nonpurified diet; 0.4% Na þ ; Lab Diet) for 5 days, on a lowsodium regimen (low salt; 0.04% Na þ ; Research Diets Inc.)
for 5 days and on a high-sodium regimen (high salt; drinking water supplemented with 1% NaCl (w/v) and non-purified diet; 0.4% Na þ ; Lab Diet) for 5 days.
Physical characteristics and visceral fat pad assessments Body weight (BW), naso-anal length and waist circumference (measured at the midpoint between tip of the sternum and penis in supine position), were determined in offspring at 36 weeks of age. In addition, following anesthesia with sodium pentobarbital (120 mg/kg, i.p.), retroperitoneal, mesenteric, omental and epididymal fat pads were removed; the sum of these major abdominal fat pads was considered VAT.
Statistical analysis
Physical characteristics, VAT and overall locomotor activity were analyzed by Student's t-test, and locomotor activity over time was assessed through a two-way ANOVA. 
Results
The number of pups per litter was found to not be significantly different between PID and control rats (control ¼ 15. In both PID and control groups, locomotor activity declined with age, with activity in the PID group being lower than controls at all ages (Figure 1a ; Po0.001). The overall mean locomotor activity in adulthood was 25% lower in the PID group compared with controls ( Figure 1a inset; Po0.001).
The effect of dietary salt on MAP (as measured by the difference in MAP on high-salt versus low-salt diet) was almost twofold greater in adult PID offspring compared with control offspring (PID: 13.5 ± 1.9 mm Hg; control: 7.7 ± 0.5 mm Hg; Po0.05). This heightened MAP sensitivity to changes in sodium balance was correlated with increased VAT (Figure 1b ; r ¼ 0.83, Po0.05). There were no differences in normal, low-salt or high-salt food intake (normalized to BW) at 24-26 weeks of age.
Discussion
The major findings of this study are that adult PID rats were less physically active, had increased VAT and had enhanced 14 Consistent with the 'thrifty phenotype' hypothesis, PID results in developmental adaptations that predispose the offspring to increased visceral adiposity in adulthood. 6 The etiology of obesity, in particular VAT deposition, is multifactorial and complex. 7, 14 Here, these data show that increased VAT in PID offspring is associated with reduced locomotor activity. The latter finding is corroborated by previous results, 15, 16 in which young adult male PID rats exhibited reduced exploratory behavior when left in an open-field apparatus. The present findings, involving longterm assessments in home cages, reveal that these responses, at least in part, likely relate to physical inactivity rather than just anxiety-like behaviors. Furthermore, these activityrelated changes probably contribute to the obese phenotype. This observation is supported by clinical studies where VAT is greater among sedentary individuals, and a reduction in VAT is achieved with increased physical exercise (for review see Janiszewski and Ross).
17
Given that visceral adiposity is an independent risk factor for hypertension, 18 it is not surprising that PID animals are predisposed to both conditions. Obesity-induced hypertension appears to be related to abnormalities in sodium handling resulting in amplified MAP responsiveness to alterations in sodium equilibrium. 7 In this study, we confirm that adult PID rats have increased MAP responsiveness to changes in sodium balance, which is associated with increased visceral adiposity. Thus, one potential mechanism whereby obesity may induce MAP sensitivity to changes in sodium balance is by resetting the pressure-natriuresis mechanism, a renal feedback system that maintains fluid and electrolyte balance around a blood pressure set point. 19 In fact, this mechanism is blunted in 'Wistar fatty rats' 8 and obese Zucker rats, 20 such that a higher arterial pressure is required to excrete the same amount of sodium as controls. Interestingly, we previously reported a blunting of pressurenatriuresis in this particular model of PID. 5 In conclusion, a specific micronutrient deficiency involving iron during pregnancy and immediate postnatal life of the offspring may be important for generating a phenotype characterized by sedentariness, increased visceral adiposity and altered blood pressure control. Given that pregnant women are highly susceptible to ID, 1 maintaining proper maternal iron status throughout pregnancy and in the postnatal period may be critical to ensuring proper development of the offspring, and thus reducing cardiometabolic disease risk in adulthood. Iron deficiency, inactivity, and visceral adiposity M Komolova et al Doctoral Fellowships, respectively. We thank Corry Smallengange and Peter M Janiszewski for assistance.
